A microarray-based analysis was performed with the objective of describing genomic features of oocytes and looking for potential markers of oocyte quality in the economically important European clam, Ruditapes decussatus. Oocytes of 25 females from Ria de Aveiro, Western coast of Portugal (40°42′N; 08°40′W) were selected for this study and oocyte quality was estimated by success of D-larval rate under controlled conditions, which appeared to vary from 0 to 95 %. By genome-wide expression profiling with a DNA microarray, 526 probes appeared differentially expressed between two groups representing the largest and smallest value of D larval rates, named good (represented by a mean Dlarval yield of 57 ± 22%) and poor (9 ± 5%) quality oocytes. Enrichment analysis showed "Lysosome" (dre04142) as the single pathway represented in the enriched KEGG pathway terms, with 8 genes coding for putative Cathepsins. Furthermore, differentially expressed genes involved in oocyte protection (DnaJ (Hsp40), Hsp70, Cyclophilin B, PDI), maturation (Cam-PDE1C, PRDM9, G protein), sperm-egg interaction (PDI, G protein) and apoptosis (TNF) were also identified. From these, the apoptosis pathway was supposed to assume an important role in oocyte quality as the mRNA level of Caspase 8 appeared also negatively correlated with the D-larval yield. Finally, a G-protein transcript was identified as more abundant in poor quality oocytes, which underlines the importance of release prophase I block and meiotic maturation in the oocytes of this species. This study provided new highly valuable information on genes specifically expressed by mature oocytes of R. decussatus, for further understanding of the mechanisms of early development in this species.
Introduction
Today, the European clam, Ruditapes decussatus, is considered one of the most economically important bivalve species in Portugal and in other Southern European countries where it is extensively produced and harvested. The European clam constitutes the majority of revenue from aquaculture in Portugal, representing 76% of the national annual shellfish production (DGPA 2012) . The production of this species is dependent upon the collection of wild seed, which has been compromised in recent years due to recruitment failure and severe mortalities (Matias et al. 2009 ). To address this issue, artificial spawning and larval rearing programs were developed to provide an alternative source of seed (Matias et al. 2009 ); Moreover, diseases caused by a wide range of microorganisms are associated with large economic losses in R. decussatus which is a high vulnerable species to physical stress and pathogens (Moreira et al., 2012) . For all these reasons improvements are still needed to achieve robust and reproducible seed production in captivity. Among the improvements of aquaculture of R. decussatus, the evaluation and the control of gamete quality are essential.
In hatcheries, bivalve gametes are usually obtained by applying thermal shocks to mature broodstock. However, an alternative method of gonad dissection (or stripping) exists, which is an easier and faster method of accessing gametes. This technique can only be used in species where oocytes can be fertilized directly after dissecting the gonad, such as the Pacific oyster Crassostrea gigas. Unfortunately, the oocytes of R. decussatus are not ready to be fertilized after the dissection, representing a further problem for the production of this species (Colas and Dubé 1998; Hamida et al. 2004; Pauletto et al., 2014) .
High variability in reproductive success is commonly observed in most bivalve hatcheries and it has been shown to be partly attributable to gamete quality, sperm-egg interaction and differential viability of genotypes (Boudry et al. 2002) . Therefore, gamete quality has received increasing attention and several studies have focused on egg or sperm quality in different species (Bobe and Labbé 2010; Boulais et al., 2015; Corporeau et al. 2012; Galbraith and Vaughn 2009; Lonergan et al. 2003; Rime et al. 2004; Suquet et al. 2010 ). Gamete quality is influenced by many environmental and biological factors. In marine species such as bivalves and fishes, the main factors that appear to affect bivalves gamete quality are nutrition (availability of food, algal consumption and nutritional quality of microalgae, namely the proportion of the essential fatty acids), abiotic environmental factors (temperature, photoperiod and salinity), husbandry practices (spawning induction, egg postovulatory ageing and gamete handling post-stripping), stress and pollutants including biotic pressure with harmful microorganisms (e.g.; Angel-Dapa et al. 2010; Bobe and Labbé 2010; Cannuel and Beninger 2005; Delgado and Pérez Camacho 2005; Galbraith and Vaughn 2009; Migaud et al. 2013 ) and parental health condition (Boudry et al. 2002; Luttikhuizen et al., 2011) .
A C C E P T E D M A N U S C R I P T ACCEPTED MANUSCRIPT
Oocyte quality, defined as the egg"s potential to produce viable offspring, can be characterized by embryo development yields (Kjorsvik et al. 1990 ) and is determined in marine bivalves basing on D-larval yields, that is considered the best descriptor of oocyte quality in this class (e.g.; Boulais et al., 2015; Corporeau et al. 2012; Massapina et al. 1999; Suquet et al. 2014) . In terms of oocyte quality proxies (i.e., parameters that can be measured in oocytes to predict the development rate of embryos) in bivalves, several criteria have been tested, such as gonad color (Mason 1958 ) and mean oocyte diameter as a direct consequence of nutrition (Cannuel and Beninger 2005) . Egg size and shape have also been tested, with large eggs surviving better than small eggs (Baynes and Howell 1996; Kraeuter et al. 1981) . Finally, oocyte organic matter and lipid content have been described as important predictors of oocyte quality since a significant relationship was observed between these biochemical parameters, broodstock condition index, and hatching rate (Cannuel and Beninger 2005; Massapina et al. 1999 ). However, not all indicators consistently correlate with "quality" in all bivalve species, with the most reliable indicators being fertilization success, Dlarval yields and survival; three criteria of interest in aquaculture (Migaud et al. 2013) . Recent studies focusing on oocyte quality proxies in fish have suggested an important role of oocyte vitelline reserves (lipid, protein, mRNA and vitamin content) that are required for embryo and larval development (Yue et al., 2013; Aegerter et al, 2005; Dong et al., 2004) .
In the present study, we conducted a genome-wide expression profiling of clam oocytes sampled from 25 females displaying variability in subsequent D-larval yields obtained from experimental conditioning and fertilization. We employed a custom oligonucleotide DNA microarray containing 51,678 probes representing unique contigs described and validated in de . The main objectives of the present work were to analyze molecular features of R. decussatus oocytes and to look for candidate transcripts to be further tested as markers of clam oocyte quality.
Material and Methods

Oocyte sampling
Broodstock of R. decussatus (> 35 mm shell length) were collected from Ria de Aveiro . A continuous aeration was provided to enhance growth and prevent the algae from settling.
After 2 to 4 weeks, clams were induced to spawn on four different sampling dates by standard thermal stimulation, with temperature alternating between 5 to 28 ± 1 °C, during 30 min and 1h, respectively (Joaquim et al., 2008) . To avoid uncontrolled fertilization, females once identified were stored in individual containers for spawning.
From each female, the number of oocytes released were estimated (mean of triplicate counts of 100 µL from a 200 mL volume) and around 20 000 oocytes were taken, rinsed with iso-osmotic ammonium formate (3 % w/v) to remove salt, and homogenized in Extract-all (Eurobio) and stored in liquid nitrogen for further RNA extraction. The remaining oocytes of each female spawning were fertilized by addition of a mixture of sperm from 6 to 7 males (different mixture for each sampling time), to provide a ratio of around ten spermatozoa per oocyte estimated in a microscope view (Joaquim et al. 2008) . A total of 11250 eggs were then, incubated in triplicate 500 ml tanks (37 500 per tank), with 1-µm filtered and UV-irradiated seawater, maintained at 20 ± 2 ºC, at a density of 75 eggs per ml. After 48 h of incubation, the D-larvae were collected on a 30-µm mesh screen and concentered in 50 mL. Live D-shaped larvae number (translucent or non-D-shaped larvae were not counted) was estimated by microscopic count (3 × 1 mL). The veliger rate (% of D-larvae) was calculated as the ratio between the number of D-larvae at 48 h post fertilization and the number of incubated eggs.
RNA extraction
Total RNA was purified by following the manufacturer instructions (Extract-all, Eurobio). RNA quality and integrity were analyzed on the Agilent bioanalyzer using RNA nanochips and Agilent RNA 6000 nanoreagents (Agilent Technologies, Waldbronn, Germany). RNA concentrations were measured at 260 nm using a ND-1000 spectrophotometer (Nanodrop Technologies) using the conversion factor 1 OD = 40 mg/mL total RNA. Samples were stored at -80°C until further use.
2.3.
Ruditapes decussatus DNA microarray
Gene expression analyses of all the oocytes from the 25 females analyzed were performed using an array composed of 59,951 out of 60,000 probes, representing 51,709 different R. decussatus contigs, as described by de Sousa et al. (2014) . 
Labeling and microarray hybridization
Sample labeling and hybridization were performed according to the Agilent One-Color
Microarray-Based Gene Expression Analysis protocol with the Low Input Quick Amp Labeling kit. Briefly, for each sample 100 ng of total RNA was linearly amplified and labeled with Cy3-dCTP. A mixture of 10 different viral poly-adenylated RNAs (Agilent Spike-In Mix) was added to each RNA sample before amplification and labeling to monitor microarray analysis workflow. Labeled cRNA was purified with Qiagen RNAeasy Mini Kit, and sample concentration and specific activity (pmol Cy3/μg cRNA) were measured in a NanoDrop® ND-1000 spectrophotometer. A total of 600 ng of labeled cRNA was prepared for fragmentation by adding 5μl 10X Blocking Agent and 1μl of 25X Fragmentation Buffer, heated at 60°C for 30 min, and finally diluted by addition with 25μl 2X GE Hybridization buffer. A volume of 40μl of hybridization solution was then dispensed in the gasket slide and added to the microarray slide (each slide containing eight arrays). Slides were incubated for 17 h at 65°C in an Agilent hybridization oven, subsequently removed from the hybridization chamber, quickly submerged in GE Wash Buffer 1 to disassemble the slides and then washed in GE Wash
Buffer 1 for approximately 1 minute followed by one additional wash in pre-warmed (37°C) GE Wash Buffer 2.
Data acquisition, correction and normalization
Hybridized slides were scanned at 2μm resolution using an Agilent G2565BA DNA microarray scanner. Default settings were modified to scan the same slide twice at two different sensitivity levels (XDR Hi 100% and XDR Lo 10%). The two linked images generated were analyzed together, data were extracted and background subtracted using the standard procedures contained in the Agilent Feature Extraction (FE) Software version 10.7.3.1. The software returns a series of spot quality measures in order to evaluate the quality and the reliability of spot intensity estimates. All control features (positive, negative, etc.), except for Spike-in (Spike-in Viral RNAs), were excluded from subsequent analyses.
Raw gene expression data of all the oocytes from the 25 females analyzed were deposited in the GEO database under accession number GSE54954. Spike-in control intensities were used to identify the best normalization procedure for each dataset. After normalization, spike intensities are expected to be uniform across the experiments of a given dataset. Normalization procedures were performed using R statistical software. Quantile normalization always outperformed cyclic loess and quantile-normalized data were further adjusted for the known between-experiments batch effects by implementing the parametric
Combat in R, to avoid bias due to different batches of the oligonucleotide microarray (Johnson et al. 2007) . Normalized data were deposited in GEO archive under accession number GSE54954.
Data analysis
A Principal Component Analysis (PCA), using the TMeV 4.5.1 (TIGR MULTIEXPERIMENT VIEWER) (Saeed et al., 2003) was applied to all 51,709 transcripts, to assess the distribution of the 25 oocyte samples.
One-way ANOVA parametric tests were used to investigate the significance of the factor time on the D-larval yield after angular transformation (STATGRAPHICS Centurion XV.II) and on the gene expression, after a base 10 logarithmic transformation (TMeV 4.5.1 -TIGR MULTIEXPERIMENT VIEWER), using a p-value cut-off of 0.05. Statistical analyses were performed using Student"s t-test in order to define good and poor quality oocytes of R.
decussatus. T-Tests (p-value <0.01) were computed to compare gene expression between good and poor quality oocytes of R. decussatus (TMeV 4.5.1). The resulting gene lists were then filtered, and only those probes with fold change (FC)>1.5 were considered differentially transcribed.
Hierarchical clustering was performed using TMeV 4.5.1 on statistically significant transcripts to group experimental samples basing on similarity of the overall experimental expression profiling.
A quantitative correlation analysis was performed by SAM (Significance Analysis of Microarray) (FDR=5%) to identify genes with a correlation between mRNA levels and D-larval yield.
A more systematic and functional interpretation for significant gene lists was obtained using an enrichment analysis with the Database for Annotation, Visualisation, and Integrated Discovery (DAVID) software (Huang et al., 2009) . ""KEGG Pathway"", ""Biological process"" (BP), ""Molecular function"" (MF) and ""Cellular component"" (CC) analyses were carried out by setting the gene count equal to 2 and the ease equal to 0.1. Because the DAVID database contains functional annotation data for a limited number of species, it was necessary to link R. decussatus transcripts with sequence identifiers that could be recognized in DAVID. This process was accomplished using dedicated Blast searches performed with Blastx against zebrafish Ensembl proteins. Finally, Danio rerio Ensembl Gene IDs were obtained from the corresponding Ensembl protein entries using the BIOMART data mining tool (http://www.ensembl.org/biomart/martview/). D. rerio IDs corresponding to differentially transcribed clam genes as well as all of the transcripts that were presented on the array were then used to define a ""gene list"" and a ""background"" in DAVID, respectively. (thermal stimulation), were kept uniform across oocyte batches, we assume that this variation was most likely to be due to the intrinsic quality of oocytes of each female. Individual variability is commonly observed in molluscs (Corporeau et al. 2012; Massapina et al. 1999) as well as in fishes (Salze et al. 2005 ) and may originate from biochemical and molecular composition of oocytes and broodstock nutrition. From the 25 studied females, two groups were designed representing the largest and smallest value of a block of distributed D larval rate, between which there is a significant difference for early developmental success of fertilized oocytes (p<0.001): a good quality group of 8 samples with a D-larval yield superior to 40% (mean ± SD = 57 ± 22%) and a poor quality group of 10 samples with a D-larval yield inferior to 20% (9 ±5 %). The remaining 7 females presented an intermediary D-larval yield (27 ±6 %) and were not chosen for gene expression analysis (Fig 1) . Sampling times, containing oocytes fertilized by a different mixture of sperm, were randomly distributed in these two groups, confirming the absence of sperm pools effect on the D-larval yield.
A C C E P T E D M A N U S C R I P T ACCEPTED MANUSCRIPT
Identification of Differentially Expressed Genes between good and poor quality oocytes
In order to compare gene expression between good and poor quality oocytes, we carried out student"s T tests (p<0.01) on the 10 samples with the lowest D-larval yield versus the 8 samples with the highest D-larval yield mentioned before. This analysis identified a list of 526 significant probes (FC >1.5), corresponding to 359 unique transcripts (A) visually presented in hierarchical clustering using Pearson"s correlation (Fig 2) . A total of 361 differentially expressed probes were more abundant in good quality oocytes with a FC ranging from 1.5 to 11.6, while a total of 165 differentially expressed probes were more abundant in poor quality oocytes with a FC ranging from 1.5 to 10.2.
A putative annotation with zebrafish Ensembl Gene IDs was obtained for 323 differentially expressed probes. These annotated transcripts were used to define a gene list for functional annotation with DAVID. Enrichment analysis showed 1 KEGG, 7 BP term, 1 CC term, and 7 MF terms to be significantly over-represented (B). ""Lysosome"" (dre04142), was the only pathway represented in the enriched KEGG pathway terms, with 8 genes. Cathepsin F and cathepsin Z were found among the differentially expressed genes. Cathepsins activity was already proven to be related to the oocyte quality of several species (e.g.; Balboula et al., 2010; Warzych et al., 2012; Zhang et al., 2008) . Cathepsin Z belongs to the group of cysteine proteases, which represents the major component of lysosomal proteolysis system (Kao and Huang, 2008) . Previous studies suggest this gene may be involved in yolk metabolism, particularly during oocyte maturation of carps. Cathepsin Z was also localized in other organelles of eggs, thus pointing out additional functions of CatZ in fish eggs (Kao and Huang, 2008) . The Cathepsin F showed a pivotal role during protease activation and/or yolk proteolysis, specifically during vitellogenesis in fish eggs (Raldúa et al., 2005) . The accumulation of its mRNA in killifish ovarian follicles that occurs during oocyte maturation was supposedly related to the requirement of cathepsin F maternal transcripts during early embryogenesis rather than for the specific processing of yolk proteins during oocyte maturation (Raldúa et al., 2005) . In the genus Ruditapes, cathepsins were mainly suggested to be involved in molecular responses to diseases (Allam et al., 2014; Moreira et al., 2012) .
Chaperone proteins are main determinants of good quality oocytes in
Ruditapes decussatus
Among the genes that had higher abundance in good quality oocytes, we noticed the presence of chaperone molecules, DnaJ (Hsp40) homolog subfamily C member 27-A, Heat Shock 70 kDa protein 12A (Hsp70), Cyclophilin B and Protein Disulfide Isomerase family A (PDI), that we consider to be either the result of the thermal shock employed for spawning and/or potential markers of oocyte quality, this latest being emphasized by a literature review also in species where thermal shock is not employed or not tested in the published studies (e.g. C.gigas). Chaperones are proteins that assist the non-covalent folding or unfolding of other proteins and are widespread in cells across taxonomic groups. Protein folding is a key step for normal protein synthesis, but is also severely affected by stressors such as high/ low temperature or oxidative stress. Several chaperones over-expressed under cellular stress conditions counteract the potential damage caused by protein misfolding (Macario 2007) . In the present study, chaperones found to be more abundant in good quality oocytes might be related, at least partially, with the method used to induce clam spawning (i.e. thermal shock, with temperature alternately increasing from 5 to 28 ± 1 °C). It is possible that chaperone proteins play a major role in protecting oocytes from thermal shock or other cellular stresses induced by manipulation. Good quality eggs might be those that are able to mount a more efficient response to the challenge inherent in thermal induction of spawning. Our results are based on evidence at the mRNA level and will require confirmation at the protein level.
However, with the exception of DnaJ (Hsp40), it is very remarkable to observe that the same chaperones described in the present study were recently found to be associated, at the protein level, with high quality oocytes collected by stripping in the Pacific oyster C. gigas, with some of them being maternal mRNAs essential for fertilization, first cleavage and embryonic genome activation (Corporeau et al., 2012) . In any case, considering that the method employed for spawning in clam hatchery is thermal shock, chaperone proteins should be further tested as putative biomarkers of oocyte quality for further practical application. Comparison with naturally spawned oocytes would also be of further interest considering that temperature change is one of the factors that trigger clam spawning in the environment (Pérez-Camacho et al., 2003) DnaJ (Hsp40) homolog was the most abundant chaperone at the mRNA level in good quality oocytes (FC=5.3). DnaJ contains the J domain through which the chaperone binds to
Hsp70s to determine their activity by stabilizing their interaction with substrate proteins (Fan et al. 2003; Qiu et al. 2006) . In turn, Hsp70 (FC=1.7) binds to nascent polypeptides to facilitate correct folding and prevents the aggregation of non-native and misfolded proteins (Corporeau et al. 2000; Delelis-Fanien et al. 1997) . Hsp70 is a well-known stress related protein already described in several bivalve species, including C. gigas (Corporeau et al. 2012; Tanguy et al. 2004) , the Mediterranean mussel Mytilus galloprovinciallis (Cellura et al. 2007 ), the manila clam R. philipinarum (Kang et al. 2006; Moreira et al. 2012 ) and the European clam R. decussatus (Gestal et al. 2007; Moreira et al. 2012) . Indeed, in C. gigas, it was suggested that greater abundance of the protein HSP70 could be related to better protein folding in two-cell stage embryos and better protection of oocytes and early embryos directly exposed to oxidative stress, temperature and pH fluctuations in the sea water (Corporeau et al. 2012) . It was also reported that the chaperone function of Hsp70 is required for protection against stress-induced apoptosis (Mosser et al. 2000) . Thus, we can again pave the hypothesis that this higher expression of DnaJ (Hsp40) homolog and Hsp70 in good quality oocytes might be implicated in the protection and maintenance of developing oocytes in R. decussatus. Finally, the extensive set of Hsp70 genes (88 putative homologs) in the C.
gigas genome, which corresponds to the increase of "stress genes" recently reported in the oyster genome (Zhang et al. 2012 ) suggests a complexity of the chaperone responses in marine bivalves that merits further investigation in clams, too.
Cyclophilin B (FC=1.5) was also more highly expressed in good quality oocytes.
Cyclophilins are known to catalyze protein folding in cooperation with heat-shock proteins (Corporeau et al. 2012) . Such proteins are collectively known as immunophilins and it was suggested that cyclophilins have a diverse array of additional cellular functions, including roles as chaperones and in cell signaling (Wang and Heitman 2005) . The functions reported for cyclophilins in model organisms imply that these proteins could have a crucial role in oocyte viability and immune protection, thus explaining their higher mRNA expression in gametes that have higher D-larval yields.
A last chaperone molecule, found more abundant in good quality oocytes, is Protein Disulfide Isomerase family A (PDI) (FC=1.5). This is a peptidylprolyl isomerase that belongs to the immunophilin family, being also advantageous for the viability and immune protection of eggs and early embryos of Pacific oyster (Corporeau et al. 2012) . A few studies have suggested that PDIs are involved in oocyte development (Ohashi et al. 2013) , probably by mediating the formation of disulfide bonds in proteins, particularly Vitellogenin (Liao et al. 2008) . Furthermore, several studies proposed an essential role of PDI for the sperm-egg fusion at fertilization (Calvert et al. 2003; Ellerman et al. 2006) , leading us to think that sperm-egg interaction could also be one of the reasons to explain the high individual variability in oocytes quality when estimated by D larval yields. Moreover, in a microarraybased analysis of gametogenesis in two Portuguese populations of R. decussatus, this gene was also found down regulated in individuals from Ria Formosa lagoon, where spawning induction is less successful , supporting the hypothesis that spermegg interaction can participate to the differences between populations of this species as well.
Prophase I block and meiotic maturation in Ruditapes decussatus oocytes
With the exception of some cases like oysters, where oocytes can achieve completion of meiosis in seawater after stripping (Osanai 1985) , oocytes of most marine bivalve species like R. decussatus are arrested at prophase of the first meiosis and spend their entire growth phase in a state analogous to the G2/M transition of a mitotic cell cycle (Colas and Dubé 1998) . To release this block, hormonal stimulation or other stimuli are needed for the oocytes to pass through metaphase, which is why oocytes cannot be fertilized directly after dissecting the gonad (Colas and Dubé 1998; Hamida et al. 2004 ). In addition, in some bivalve species, a second barrier to development occurs at metaphase I, prior to extrusion of the first polar body, until fertilization releases this metaphase arrest and allows further stages of maturation to take place (Colas and Dubé 1998) . The molecular cascade, and the underlying genes involved in this phenomenon, has been little studied in bivalves showing mainly the crucial role of Ca 2+ signaling pathway during oocyte maturation (e.g.; Abdelmajid et al. 1993; Colas and Dubé 1998; Deguchi and Morisawa 2003; Leclerc et al. 2000; Stricker and Smythe 2001; Zhang et al. 2009 ). It has been suggested that continuously synthesized, short-lived proteins are responsible for maintaining metaphase arrest in some molluscan oocytes, with cyclin regulatory proteins as good candidates since their disappearance triggered
A C C E P T E D M A N U S C R I P T metaphase/anaphase transition and polar body extrusion (Colas and Dubé 1998). In
Ruditapes and other molluscs, calcium may act via a calcium calmodulin-kinase since calcium calmodulin antagonists were able to prevent metaphase I release and cyclin degradation upon fertilization (Abdelmajid et al. 1993; Colas and Dubé 1998; Leclerc et al. 2000; Whitaker 1996; Zhang et al. 2009 ). In this work we found the enzyme Calcium/calmodulin-dependent 3',5"-cyclic nucleotide phosphodiesterase 1C (Cam-PDE1C) (FC=1.7) among the genes more abundant in good quality oocytes. In a recent study made by Pauletto et al. (2014) , gene expression profiles suggested calcium regulation (e.g.;
regucalcin, calmodulin) importance in the control of oocyte competence. Despite little is known about the molecular regulation of intracellular Ca 2+ occurring during oocytes maturation in bivalves, these preliminary results pointed out a few important genes possibly involved in such a complex mechanism that have to be further explored functionally (Gui and Zhu, 2012) .
Among the genes more abundant in poor quality oocytes, we observed Guanine nucleotide-binding protein subunit beta-like protein 1 (G protein) and Histone-lysine Nmethyltransferase PRDM9; genes known to be involved in oocyte maturation and in the transition of oocytes through meiosis (Voronina and Wessel 2004; Williams et al. 1996; ). There are also several studies that indicate that G proteins are involved in oocyte growth and maturation (Voronina and Wessel 2004; Williams et al. 1996) . G-proteins may also be involved in releasing the oocytes from an arrest inherent within the oocyte. For example, in starfish, progression of an oocyte into meiotic divisions is dependent upon activation of subunits of G-proteins (Chiba and Hoshi 1995; Jaffe et al. 1993; Thomas et al. 2002) . Although G proteins are involved in several different processes, based on these examples, it is possible that the overexpression of this protein deregulates the oocyte maturation of R. decussatus. More precisely, the initiation of meiosis and the transition of the oocytes through metaphase I may be impacted. Moreover, it was reported that these proteins could also be involved in the important process of sperm-egg interaction (Fard Jahromi and Shamsir 2013; Leclerc and Kopf 1999; Lee et al. 2005 ) similar to the chaperone molecule PDI mentioned before.
Finally, Histone-lysine N-methyltransferase PRDM9 appeared as a relevant candidate to oocyte quality in R. decussatus as it displayed the highest differential (FC=10.2) between the two groups of clam oocytes. This gene is thought to be essential for proper meiotic progression in species in which it was documented. Actually, it has been proposed that PRDM9 binds to specific sites in the genome of oocytes and spermatocytes, where its methyltransferase activity leads to a local enrichment of histone H3 peptide dimethylated on lysine 4 (H3K4me2) and recruits the meiotic recombination machinery ).
During meiosis, homologous recombination occurs preferentially at defined hotspots. In mammals, the fast-evolving DNA-binding domain of PRDM9 has been identified as a major hotspot determinant that may explain the rapid rates of hotspot redistribution during evolution (Hochwagen and Marais 2010) . Although the PRDM genes are not well studied in invertebrates, their importance in the cell cycle already described in vertebrates (Baudat et al. 2010 ) led us to suggest that PRDM9 could play an important role in the meiotic progression of R. decussatus oocytes and therefore in their maturation. Further gene expression studies of these candidates are needed to compare spawned and stripped oocytes at different location into the gonad to dig into the processes of gamete maturation along the genital ducts.
Stress and Apoptosis
Apoptosis is an intrinsic, genetically controlled process, responsible for destroying redundant, dysfunctional or damaged cells (Motta et al. 2013) . Among the genes that were more abundant in poor quality oocytes, some appeared to be implicated in cell responses to stress. Genes belonging to apoptosis pathway and p53 signaling pathway appeared over expressed in poor quality oocytes. It is known that the p53 superfamily proteins originally evolved to mediate programmed cell death of damaged germ cells or to protect germ cells from genotoxic stress (Vilgelm et al. 2010; Walker et al. 2011 ). Thus, we can hypothesize that the greater abundance of genes in the p53 signaling pathway in poor quality oocytes could be due to a stress suffered by the cells, thus affecting fertilization success.
In the list of more abundant genes in poor quality oocytes we also observed the presence of In bivalves and specifically in R. decussatus, the gonad passes through several developmental stages from sexual rest to ripe and spent (Delgado and Pérez Camacho 2005; Matias et al. 2013) . In these last stages mature oocytes are spawned while those that are not released begin their resorption in the gonad. In this study all the oocytes were spawned by induction and were expected to be mature and ready to be fertilized. However, based on our results, it could be possible that over-expression of apoptosis-related genes is triggered as a consequence of unsolved cell stress, like thermal stress, affecting negatively the fertilization success.
Conclusion
Individual variability in oocyte quality is commonly observed in marine molluscs and is one of the most relevant problems in establishing a successful hatchery-based production of several marine species (e.g.; Bobe and Labbé 2010; Boudry et al. 2002; Corporeau et al. 2012; Massapina et al. 1999) . Using a microarray-based analysis, we identified several genes that were differentially present according to oocyte quality, estimated here on potential to produce D-larvae. Genes coding for the chaperone proteins are suggested to be involved in important roles for the oocyte protection. Apoptosis appeared as one important pathway that we found more abundantly represented in poor quality oocytes and negatively correlated with the D-larval yield, noticeable by the presence of caspase-8, linked to programmed cell death in numerous types of cells. Among the candidate genes, DnaJ (Hsp40) homolog, tumor necrosis factor receptor and caspase 8 appeared to be candidates of particular interest for more specific and precise individual functional investigation in relationship with reproductive success of R. decussatus in hatcheries, one of the major bottlenecks hampering the development of commercial aquaculture of the European clam.
In the context of growing environmental pressure, harmful micro-organisms (e.g. toxic algae and pathogens), may affect the maturation and fecundity of marine organisms either by decreasing the amount and quality of gametes or by affecting embryonic development 
